Abstract. Current clinical strategies against breast cancer mainly involve the use of anti-hormonal agents to decrease estrogen production; however, development of resistance is a major problem. The resistance phenotype depends on the modulation of cell-cycle regulatory proteins, cyclins and cyclin-dependent kinases. Roscovitine, a selective inhibitor of cyclin-dependent kinases, shows high therapeutic potential by causing cell-cycle arrest in various cancer types. Autophagy is a type of cell death characterized by the enzymatic degradation of macromolecules and organelles in double-or multi-membrane autophagic vesicles. This process has important physiological functions, including the degradation of misfolded proteins and organelle turnover. Recently, the switch between autophagy and apoptosis has been proposed to constitute an important regulator of cell death in response to chemotherapeutic drugs. The process is regulated by several proteins, such as the proteins of the Atg family, essential for the initial formation of the autophagosome, and PI3K, important at the early stages of autophagic vesicle formation. Polyamines (PAs) are small aliphatic amines that play major roles in a number of eukaryotic processes, including cell proliferation. The PA levels are regulated by ornithine decarboxylase (ODC), the rate-limiting enzyme in PA biosynthesis. In this study, we aimed to investigate the role of PAs in roscovitine-induced autophagic/apoptotic cell death in estrogen receptor-positive MCF-7 and estrogen receptor-negative MDA-MB-231 breast cancer cells. We show that MDA-MB-231 cells are more resistant to roscovitine than MCF-7 cells. This difference was related to the regulation of autophagic key molecules in MDA-MB-231 cells. In addition, we found that exogenous PAs have a role in the cell death decision between roscovitine-induced apoptosis or autophagy in MCF-7 and MDA-MB-231 breast cancer cells.
Introduction
Breast cancer is one of the most commonly diagnosed cancer types in women, and the second leading cause of cancer-related deaths worldwide (1) . Patients with estrogen receptor α (ERα)-positive tumors greatly benefit from existing hormonal therapies. Although anti-estrogens are being used to treat breast cancer (2, 3) , numerous cases show acquired resistance and irresponsiveness to endocrine therapy, which is a major clinical problem (3, 4) . Despite the emergence of new promising advances in therapeutics, options to treat hormone-resistant breast tumors are limited, and the mortality rate continues to increase.
It has been suggested, based on a number of findings, that deregulation of cell-cycle components such as cyclin-dependent kinases (CDKs) can contribute to endocrine resistance (5) . Therefore, inhibition of CDKs by synthetic, small-molecule drugs has become an attractive therapeutic strategy. Roscovitine is a small, purine-like CDK inhibitor with increased selectivity towards CDK1, CDK2, CDK7 and CDK9 (6) (7) (8) . Previous studies have shown that roscovitine promotes the accumulation of breast cancer cells at the G 2 /M phase (9, 10) and potentiates the antitumor effects of other chemotherapeutic agents, by inducing apoptotic cell death (11) . Besides CDKs, the progression of the cell cycle is related to polyamines (PAs), which are amine-derived cationic molecules. Several studies provided evidence for a PA-dependent G 0 -G 1 transition and G 1 phase progression in different cell lines (12, 13) .
Among PAs, natural putrescine (Put), spermidine (Spd) and spermine (Spm) are required for cell growth and proliferation (14) . Intracellular PA levels are tightly regulated in eukaryotes by the activity of the ornithine decarboxylase (ODC), which catalyzes the conversion of ornithine to Put (15) . Activation of PA biosynthesis leads to the accumulation of intracellular PAs, which is a critical event in various diseases, including breast cancer (16, 17) . Previous studies have shown that PAs are involved in neoplastic transformation by activating several proto-oncogenes, such as c-Myc (18, 19) .
Autophagy, the process responsible for the degradation of cytoplasmic proteins, macromolecules and damaged or aged organelles, is considered a type of cell death. The most significant sign of autophagy is the appearance of double-membrane enclosed vesicles in the cytoplasm, which engulf portions of the cytoplasm and/or organelles (20) (21) (22) .
A number of studies have shown that PAs are associated with autophagy via histone acetylation and chromatin remodeling mechanisms. Specifically, Spd was suggested to be a critical 'tuning' molecule in autophagy, through epigenetic alterations (23) (24) (25) . Spd was shown to inhibit the enzymatic activity of histone acetyl transferase (HAT) and lead to hypoacetylation of histone H3 (25) . For this reason, it is considered that autophagic processes can be activated by the acetylation, by PAs, of autophagic promoter molecules. However, the molecular mechanism involved in drug-induced apoptosis or autophagy related to the regulation of PA biosynthesis has not yet been fully clarified.
In the present study, we aimed to reveal the potential role of PAs in roscovitine-induced apoptosis and/or autophagy in MCF-7 and MDA-MB-231 breast cancer cells.
Materials and methods

Drugs and antibodies.
Roscovitine was purchased from Sigma-Aldrich (St. Louis, MO, USA), was dissolved in dimethyl sulfoxide (DMSO) to make a 10 mM stock solution, and was stored at -20˚C. Spd, Spm (each at 10 mM) and 3-aminoguanidine were purchased from Sigma-Aldrich. 3-Aminoguanidine was used as an amine oxidase blocker in the Spd and Spm treatment experiments.
Antibodies targeting beclin-1 (dilution, 1:1,000), Atg5 (1:1,000), Atg12 (1:1,000), LC3A/B (1:1,000), β-actin (1:1,000), β-tubulin (1:1,000), pro-caspase-9 (1:1,000), cleaved-caspase-9 (1:1,000), caspase-7 (1:1,000) and horseradish peroxidase (HRP)-conjugated secondary IgG (1:3,000) were purchased from Cell Signaling Technology (Danvers, MA, USA).
Cell cultures. The breast cancer cell lines MCF-7 (HTB 22) and MDA-MB-231 (HTB 26) were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). The cells were maintained in Gibco ® Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum (Pan-Biotech GmbH, Aidenbach, Germany) and 100 units or 100 mg/ml penicillin or streptomycin, and were grown in humidified air with 5% CO 2 at 37˚C, in a Heracell ® 150i incubator (Thermo Fisher Scientific).
Cell viability assay. The effect of roscovitine on cell viability in the presence or absence of PAs was determined by the colorimetric assay 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; Roche Diagnostics, Indianapolis, IN, USA). Cells were plated in 96-well plates at a density of 1x10 5 cells/well, were allowed to attach overnight, and were treated for 24 h with various concentrations of roscovitine in the presence or absence of PAs. After 24 h of treatment, 10 µl of the MTT reagent (5 mg/ml) were added to the cell culture medium, and cells were incubated for 4 h. Following medium removal, 200 µl of DMSO were added to dissolve the formazan crystals, which are produced by the activated mitochondria. The absorbance of the suspensions was measured at 595 nm on a microplate reader (Bio-Rad, Hercules, CA, USA).
Fluorescence staining. Cells (5x10 4 ) were seeded into 12-well plates, allowed to attach overnight and then treated with appropriate concentrations of drugs for 24 h. In order to assess the mitochondrial membrane potential (MMP), cells were washed once with 1X phosphate-buffered saline (PBS) and stained with 0,4 mM 3,3'-dihexyloxacarbocyanine iodide (DiOC 6 ) were seeded into 6-well plates on coverslips, allowed to attach overnight and then treated with the appropriate drug concentrations for 24 h. Cells were washed once with 1X PBS and stained with 50 µM MDC in order to visualize the autophagic vesicles. Next, they were observed under a fluorescence microscope (Olympus, Tokyo, Japan).
Cell death enzyme-linked immunosorbent assay (ELISA)
assay. The cytoplasmic histone-associated DNA-fragments (mono-and oligonucleosomes) were measured with the Cell Death Detection ELISA PLUS kit (Roche Diagnostics) according to the manufacturer's instructions. Cells (1x10 4 ) were seeded into 96-well plates and treated with the desired drug concentrations for 24 h. The cell lysates were placed in a streptavidin-coated microplate. A mixture of anti-histone biotin and anti-DNA peroxidase (POD) was added, and samples were kept at room temperature for 2 h. Following washing of the unbound antibodies, the colorimetric assay was performed with 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid as a substrate, and the absorbance was measured at 405 nm.
Immunoblot analysis. Cells were treated with the appropriate concentrations of each drug for 24 h. The MCF-7 and MDA-MB-231 cells were lysed with ProteoJET Mammalian cell lysis reagent (Fermentas, Thermo Fisher Scientific, Waltham, MA, USA) containing total protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany).
Following lysis, cell debris was removed by centrifugation for 15 min at 18,500 x g, and protein concentration was determined with the Bradford method (Quick Start™ Bradford Protein Assay kit; Bio-Rad Laboratories, Hercules, CA, USA). Total protein lysates (30 µg) were separated by 15% SDS-polyacrylamide gel electrophoresis (PAGE) and transferred onto polyvinylidene difluoride membranes (Roche Diagnostics). The membranes were then blocked with 5% non-fat milk, prepared in a 1% Tris-buffered saline and Tween-20 (TBST) solution. Following incubation of the membranes with the appropriate primary antibody at 4˚C overnight, the membranes were washed with TBST. The membranes were then incubated with the appropriate HRP-conjugated secondary antibody overnight at 4˚C, an enhanced chemiluminescence (ECL) reagent (Lumi-Light Western Blotting substrate; Roche Diagnostics GmbH) was used to visualize the antigens. Finally, the membranes were exposed to Kodak X-ray film (Kodak, Rochester, NY, USA) in a dark room.
Statistical analysis. Differences between samples were statistically evaluated using an Office Excel calculation file (Microsoft, New York, NY, USA). The results from the MTT, cell death ELISA and MMP assay were expressed as mean ± standard deviation. Student's t-tests were applied toassess the significance of comparisons. Differences were regarded as statistically significant at P<0.05.
Results
Roscovitine-induced cytotoxicity is altered by polyamine treatment. In order to understand the effect of roscovitine on MCF-7 and MDA-MB-231 breast cancer cells, the MTT cell viability assay was performed following treatment with various concentrations of the drug (0-100 µM) for 24 h. The cell viability was decreased by 35 and 25% following treatment with 20 µM roscovitine in MCF-7 and MDA-MB-231 breast cancer cell lines, respectively (Fig. 1A) . This concentration was selected for the following experiments.
To evaluate the combined effect of Spd or Spm (each 10 µM) with roscovitine, each cell line was exposed to drugs for 24 h. Although Spd treatment caused moderate cytotoxicity (23% reduction in cell viability in MCF-7 and 21% in MDA-MB-231 cells vs. control, respectively), Spm treatment was less effective (7% in MCF-7 and 4% in MDA-MB-231 cells) (Fig. 1B and C) . Co-treatment with Spd or Spm and roscovitine enhanced the roscovitine-induced cytotoxicity in both breast cancer cell lines. In addition, the promoting effects of Spd on cytotoxicity were significant in both cell lines, particularly in the MDA-MB-231 cells (P<0.0002).
Roscovitine-induced mitochondria-mediated apoptosis via caspase activation. We determined the apoptotic potential of roscovitine in the presence or absence of Spd/Spm in the cells. Although neither Spd nor Spm exerted significant apoptotic effects, roscovitine induced apoptosis by 4-and 2.5-fold in MCF-7 and MDA-MB-231 breast cancer cells, respectively, as compared to untreated control cells. Spm alone slightly induced apoptosis in MDA-MB-231 cells by 1.5-fold compared to control cells. Co-treatment with Spd or Spm and roscovitine enhanced the cell viability reduction in both cell lines; it also prevented drug-induced apoptosis by decreasing the DNA fragmentation ratio (Fig. 2) .
We performed DiOC 6 staining to visualize the MMP loss on a fluorometer and thus, investigate the role of PAs in roscovitine-induced apoptosis. Although roscovitine decreased MMP in both cell lines, co-treatment with Spd did not affect the roscovitine-induced MMP reduction (Fig. 3) . By contrast, Spm protected the MCF-7, but not the MDA-MB-231 cells, from roscovitine-induced mitochondria-mediated apoptosis, although theses changes were not significant.
To further investigate drug-induced caspase activation, we determined the level of cleaved fragments of caspase-9 and -7 by immunoblotting. While caspase-9 cleavage, which is the initial step for caspase activation in mitochondria-mediated apoptosis, appeared increased, the level of the full-length caspase-7, the executioner caspase for apoptosis, was decreased after roscovitine treatment for 24 h in breast cancer cells. Although exposure of MCF-7 cells to Spd or Spm for 24 h did not appear to activate caspase-9, treatment with each of these PAs led to a decrease in the caspase-7 level. In addition, combined treatment with Spd or Spm and roscovitine further decreased the expression level of the full-length caspase-7 in MCF-7 cells. Roscovitine induced the cleavage of caspase-9 and -7 in MDA-MB-231 breast cancer cell lines. In addition, PAs enhanced the roscovitine-induced caspase-9 and -7 activation by decreasing the level of the full-length fragments of these caspases in MDA-MB-231 cells (Fig. 4) .
Roscovitine induces autophagic modulation. In order to evaluate the role of roscovitine on autophagic cell death in the MCF-7 and MDA-MB-231 breast cancer cell lines, we performed immunoblotting assays at different time-points. We examined the expression profile of beclin-1, which is referred to as the initial key molecule for autophagy, following roscovitine treatment within 24 h. Interestingly, while beclin-1 appeared to be time-dependently upregulated from 0 to 1 h in MCF-7 cells, its expression was stable in MDA-MB-231 cells for up to 4 h.
To indirectly assess the autophagosome complex formation at different time periods of drug treatment, the expression profile of Atg5 and Atg12, which are critical molecules for the elongation of the autophagosomal membrane, were also determined by immunoblotting. The basal expression levels of Atg5 and Atg12 were found to be higher in MCF-7 compared to MDA-MB-231 cells. In general, while roscovitine decreased the expression of Atg5 within 24 h, the Atg5 expression level was increased after 1 h of drug treatment in the MDA-MB-231 breast cancer cell line (Fig. 5A) . Another key marker of autophagosomal formation is LC3A/B, which integrates to double membranes; the level of this protein was increased after 8 h of roscovitine treatment in MCF-7 cells. However, the expression level of LC3A/B was decreased after 24 h of drug treatment. When we examined the autophagic effect of roscovitine on LC3A/B expression in MDA-MB-231 cells, we observed a rapid upregulation within 30 min and an overall higher basal level compared to MCF-7 cells. In addition, LC3A/B expression was higher in MDA-MB-231 cells after 24 h of drug treatment compared to MCF-7 cells. When the MCF-7 cells were treated with roscovitine for 72 h, the expression of the autophagic key markers LC3A/B, Atg5 and Atg12 was decreased from the first 24 h. However, the protein levels of these markers appeared increased again after 72 h of drug treatment in MCF-7 cells. By contrast, the expression levels of LC3A/B, Atg5 and Atg12 appeared increased after 48 h of drug treatment in the MDA-MB-231 cell line (Fig. 5B) . Based on these results, we conclude that MCF-7 cells are more sensitive to roscovitine-induced autophagy than MDA-MB-231 cells. Thirty micrograms of total protein lysate were subjected to 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and probed with the appropriate antibodies. β-actin was used as a loading control.
Polyamines modulate roscovitine induced autophagy. In order to further explore the role of polyamines in drug-induced autophagy, cells were treated with roscovitine in the presence of Spd or Spm for 24 h. Spd was not an autophagy inducer but Spm was a good candidate to induce autophagy by upregulating beclin-1 and Atg5 in MCF-7 and MDA-MB-231 cells (Fig. 6A) . Moreover, cleaved fragments of LC3A/B were observed following Spm treatment in MDA-MB-231 cells. After treatment with Spd alone, beclin-1 and Atg5 expression levels decreased. By contrast, after treatment with Spm alone, the beclin-1 and Atg5 expression levels increased. Co-treatment with roscovitine and Spm showed opposite effects on autophagic marker expression in the two breast cancer cell lines compared to co-treatment with roscovitine and Spd (Fig. 6A) . These results were confirmed in MCF-7 cells by MDC staining, which allows to detect the autophagic vacuoles (Fig. 6B) .
Discussion
The majority of malignancies are associated with the loss of functional cell-cycle control, which results in impaired apoptosis and unlimited growth. An emerging anticancer approach is to control the aberrant cell cycle machinery by evaluating key molecules for drug design. As shown in previous studies, CDK inhibitors exert their apoptotic effect by causing cell-cycle arrest (10, 26, 27) . Roscovitine is a promising CDK inhibitor with high apoptotic potential in malignant cells. It competitively binds to the ATP binding site of CDKs and prevents cyclin-CDK complex formation (28) (29) (30) (31) . Furthermore, roscovitine is the first orally bioavailable CDK inhibitor in clinical trials for B-cell malignancies and lung cancer (31, 32) . A previous study indicated that roscovitine induces apoptosis in breast cancer cells by causing cell-cycle arrest at the G 2 /M phase (9) . PAs are key regulators of cellular processes such as transcription, translation and proliferation (33) . PA metabolic enzymes have been proposed as targets for antineoplastic therapy in breast cancer, since their high intracellular level was found associated with rapid cel-cycle turnover in these cells compared to healthy breast tissue cells (14, (34) (35) (36) (37) . In the present study, we demonstrated that roscovitine decreases cell viability in a dose-dependent manner in the MCF-7 and MDA-MB-231 breast cancer cell lines (Fig. 1A) . We also determined that the combination of Spd or Spm with roscovitine can enhance drug-induced cytotoxicity in both breast cancer cell lines (Fig. 1B and C) . MCF-7 and MDA-MB-231 cells have a different expression status for ERα, which regulates the transcription of genes such as CDK2, a target of roscovitine. CDK2 has been also shown to enhance the ligand-independent ERα activation (38) (39) (40) , which indicates that this protein can play a critical role in the responsiveness against the hormone ablation therapy (5, 41, 42) . Similar to previous findings (9, 10) , roscovitine inhibited the proliferation rates to different degrees in ERα-positive and -negative breast cancer cell lines in our study.
Exposure of cancer cells to PAs may affect the modulation of cell responses to drug treatment in a cell-dependent manner. While Spd treatment protected Erhlich ascite tumor cells against apoptosis triggered by acetoxychavicol acetate (43) , Spm was shown to synergistically act with bovine serum oxidase in docetaxel-induced apoptosis in MCF-7 cells (44) . According to a previous study by our group, roscovitine-induced apop totic cell death may be altered when PA biosynthesis is inhibited in HCT116 colon carcinoma cells (45) .
Although increased accumulation of intracellular PAs is associated with disease progression and rapid cell-cycle turnover, due to high PA catabolic activity, Spm may induce apoptosis by activating cellular caspases (46) (47) (48) .
Cell death in vertebrates mostly proceeds via the mitochondrial pathway in a caspase-dependent manner (49, 50) . CDK inhibitors were shown to exert their apoptotic effect through inducing MMP loss and activating caspases in cancer cells (51, 52) . Similar to these observations, we determined that exposure of cells to roscovitine for 24 h induces the modulation of MMP in the MCF-7 and MDA-MB-231 breast cancer cell lines. However, combined treatment of Spd or Spm with roscovitine caused different effects in both cell lines. Spm protected cells against roscovitine-induced mitochondria-mediated apoptosis in MCF-7, but not in MDA-MB-231 breast cancer cells (Fig. 3) . According to the results of the present study, there was a difference in the two breast cancer cell lines treated with roscovitine and PAs, with regards to cell death response. The MCF-7 and MDA-MB-231 cell lines have different genetic backgrounds, particularly with regards to ER status, which is associated with cellular growth and the fate of cells. Therefore, it may be hypothesized that the difference in cell death response between these cell lines is due to key targets within the ER. Furthermore, hormone signaling may promote different cell signaling pathways to induce either apoptosis or autophagy (2, 16) . In addition, PAs also have a role in cell growth, and the treatment of the cells with PAs resulted in an altered cell response to roscovitine treatment. Therefore, MCF-7 and MDA-MB-231 cells may act differently upon drug exposure. In association with these data, we showed that in the MCF-7 breast cancer cell line, roscovitine treatment for 24 h results in the cleavage of pro-caspase-9 and -7, which is referred to in the literature as the initial eevent during induction of apoptosis. Upon treatment with roscovitine, additional Spm exposure affected the activation of both caspases in the MCF-7 and MDA-MB-231 breast cancer cell lines. However, treatment with roscovitine only did not exert the same effect on the MDA-MB-231 cells (Fig. 4) .
In the second part of the present study, we investigated the role of the CDK inhibitor on autophagy and the potential role of PAs on autophagic regulation in MCF-7 and MDA-MB-231 breast cancer cell lines. The therapeutic efficiencies of drug candidates for cancer treatment were investigated in recent studies by examination of their potential to activate both apoptosis and autophagy, and by studying their interactions (53, 54) . Therefore, elucidation of the molecular mechanism common to apoptosis and autophagy, as well as of the crosstalk between these two processes is of high importance. Inhibition of autophagy has been shown to enhance the induction of apoptosis (55, 56) . Under cellular stress conditions, such as in the presence of DNA-damaging agents, autophagy is inhibited and the intrinsic pathway of apoptosis is triggered in MCF-7 cells, but the induction of autophagy can delay apoptosis (57) .
In association with these findings, we found that 24-h treatment with roscovitine modulates the mechanism underlying autophagy in MDA-MB-231, but not in MCF-7 cells (Fig. 5A) . Longer exposure of both cell lines to roscovitine confirmed that the autophagic process is more prominent in MDA-MB-231 cells compared to MCF-7 cells. Therefore, we conclude that MCF-7 cells are more sensitive to roscovitine-induced autophagy than MDA-MB-231 cells (Fig. 5B) .
In general, autophagy delays cell death and prolongs the lifespan in various experimental aging models (58) (59) (60) . Recent studies showed that PAs, and in particular Spd, induce autophagy and cause increased lifespan. For instance, naphthalimide-PA conjugates trigerred autophagy by modulating the mTOR signaling cascade. Exposure of HepG2 cells to the naphthalimide-PA conjugates induced autophagic vesicle formation (61, 62) . In a similar way, Spd treatment can induce LC3 formation in HeLa cells (63) . Therefore, Spd-induced autophagy may be therapeutically useful for cancer treatment. Indeed, increased levels of highly and positively-charged PAs have been found to correlate with chromatin condensation, and to modulate HAT and HDAC activities in murine skin tumors (24, 25) . However, in yeast, Spd treatment has been shown to trigger the global hypoacetylation of histone H3 and selectively acetylate the promoter region of the atg7 gene, which led to the upregulation of autophagic genes (23, 63) . According to our findings, Spm may be proposed as an autophagic agent in MCF-7 and MDA-MB-231 cells (Fig. 6) .
Therefore, we conclude that roscovitine is a mediator of apoptosis in the ERα + MCF-7 breast cancer cells, and that apoptosis is delayed by the induction of autophagy in ERα -MDA-MB-231 cells. In addition, PAs play critical roles in roscovitine-induced autophagy in a cell type-dependent manner.
